Induction of heme oxygenase-1 (HO-1) is associated with potential antifibrogenic effects. The effects of HO-1 expression on epithelial-mesenchymal transition (EMT), which plays a critical role in the development of renal fibrosis, are unknown. In this study, HO-1 Ϫ/Ϫ mice demonstrated significantly more fibrosis after 7 d of unilateral ureteral obstruction compared with wild-type mice, despite similar degrees of hydronephrosis. The obstructed kidneys of HO-1 Ϫ/Ϫ mice also had greater macrophage infiltration and renal tubular TGF-␤1 expression than wild-type mice. In addition, the degree of EMT was more extensive in obstructed HO-1 Ϫ/Ϫ kidneys, as assessed by ␣-smooth muscle actin and expression of S100A4 in proximal tubular epithelial cells. In vitro studies using proximal tubular cells isolated from HO-1 Ϫ/Ϫ and wild-type kidneys confirmed these observations. In conclusion, HO-1 deficiency is associated with increased fibrosis, tubular TGF-␤1 expression, inflammation, and enhanced EMT in obstructive kidney disease. Modulation of the HO-1 pathway may provide a new therapeutic approach to progressive renal diseases.
Unilateral ureteral obstruction (UUO) is a wellcharacterized experimental model of renal injury leading to tubulointerstitial fibrosis (reviewed in references 1, 2 ). Numerous factors, including proteins involved in apoptosis, chemoattractants, growth factors, adhesion proteins, and matrix/ basement membrane proteins, are increased in obstructed kidneys. 1 Among the various factors associated with this model, TGF-␤ (including TGF-␤1, -␤2, and -␤3) is regarded as critical in leading to fibrosis and recruitment of inflammatory cells, especially macrophages. TGF-␤ is a crucial mediator of epithelial mesenchymal transition (EMT), a key process in the generation of interstitial fibroblasts. [3] [4] [5] EMT is recognized as a loss of epithelial cell phenotype, involving, among others, decrease of intercellular epithelial adhesion molecules, such as E-cadherin, with a concomitant development of mesenchymal phenotype, including expression of ␣-smooth muscle actin (␣-SMA), vimentin, and S100A4, also known as fibroblast-specific protein-1 (FSP-1). 4 -8 Mesenchymal markers are induced by several growth factors, including TGF-␤. 7,9 -11 TGF-␤1, an isoform of TGF-␤, also induces a cytoprotective enzyme, heme oxygenase-1 (HO-1), in renal proximal tubular cells. 12, 13 HO-1 is the ratelimiting enzyme in the degradation of heme and results in the release of equimolar quantities of biliverdin, iron, and carbon monoxide (CO). 14 The physiologic importance of HO-1 and its products as antioxidant, anti-inflammatory, and cytoprotective agents has been demonstrated in many studies and reviewed. [15] [16] [17] [18] HO-1 is upregulated in several disease models, including UUO. 19 -21 The effects of HO-1 expression on EMT are unknown.
Recently, it was shown that preinducing HO-1 in the rat, by administration of hemin, decreased renal levels of TGF-␤ (TGF-␤1 plus TGF-␤2) and suppressed UUO-mediated tubulointerstitial fibrosis in the obstructed kidney through an antiapoptotic pathway involving Bcl-2. 22 The protective effect of hemin was partially blocked by the addition of zinc protoporphyrin, an HO activity inhibitor. 22 EMT was not examined in this study. It is widely recognized that chemical modulators of HO-1 have several nonspecific effects beyond altering HO enzyme activity, including activating/inhibiting the nitric oxide synthase pathway. [23] [24] [25] Thus, to evaluate the role of HO-1 in the pathogenesis of renal fibrosis, we studied the effects of HO-1 deficiency using HO-1-knockout (HO-1 Ϫ/Ϫ ) mice on the progression of renal fibrosis in association with macrophage recruitment, TGF-␤1 expression, and EMT after UUO. Furthermore, primary renal proximal tubular epithelial cell cultures generated from HO-1 ϩ/ϩ and HO-1 Ϫ/Ϫ mice were analyzed for TGF-␤1-mediated EMT.
RESULTS

Lack of HO-1 Augments the Development of Renal Fibrosis after UUO
Hydronephrosis was assessed semiquantitatively on the basis of a scoring system described by Vora et al. 26 As expected, the degree of hydronephrosis was increased in the obstructed kidneys of both the HO-1 Ϫ/Ϫ and HO-1 ϩ/ϩ mice (1.75 Ϯ 0.19 and 1.75 Ϯ 0.11, respectively) compared with sham-operated HO-1 Ϫ/Ϫ and HO-1 ϩ/ϩ mice (0.66 Ϯ 0.33 and 0.50 Ϯ 0.22, respectively; P Ͻ 0.01 obstructed versus CL; Supplemental Figure 1) ; however, there was no difference in the degree of hydronephrosis between the two HO-1 genotypes (NS). Immunohistochemical staining and immunoblot analysis were performed and confirmed that HO-1 was upregulated in renal tubules of the obstructed kidneys of the HO-1 ϩ/ϩ mice, as reported previously, 19 -21 and confirmed the lack of HO-1 expression in the HO-1 Ϫ/Ϫ mice (Supplemental Figure 2 ). An approximately two-fold increase in HO-1 protein was noted at day 7 after UUO in the HO-1 ϩ/ϩ mouse kidney lysates compared with sham-operated control and contralateral (CL) kidneys (Supplemental Figure 2B ).
Hematoxylin and eosin staining revealed marked tubular dilation and atrophy associated with interstitial fibrosis and inflammatory cell infiltration in the obstructed kidneys from both HO-1 ϩ/ϩ and HO-1 Ϫ/Ϫ mice ( Figure 1 ). The degree of these changes was more severe in HO-1 Ϫ/Ϫ mice. Interestingly, three of seven CL kidneys from HO-1 Ϫ/Ϫ mice also had interstitial fibrosis and inflammatory cell infiltration, although less severe than that observed in obstructed kidneys. No pathologic changes were noted in the kidneys from sham-operated mice.
The analysis of Masson trichrome staining ( Figure 2 ) in the wedge-shaped area along the papillary axis ( Figure 2A ) revealed that the fibrosis in the obstructed kidneys was more severe in HO-1 Ϫ/Ϫ than in HO-1 ϩ/ϩ mice (2.13-fold; P Ͻ 0.05; Figure 2 , B and C). Although mild, the fibrosis affecting the CL kidneys was more pronounced in HO-1 Ϫ/Ϫ mice; however, the difference was not statistically significant (P ϭ 0.07; Figure 2 , B and C). Western blot analysis demonstrated a significantly higher expression of fibronectin (Fn) in the obstructed kidneys from the HO-1 Ϫ/Ϫ mice as compared with the other experimental groups (2.59-fold; P Ͻ 0.01; Figure 2D ).
HO-1 Deficiency in Obstructed Kidneys Promotes Recruitment of Macrophages
A few F4/80-positive cells were observed in the interstitium of sham-operated kidneys of both HO-1 Ϫ/Ϫ and HO-1 ϩ/ϩ mice without statistical numerical difference between them ( Figure  3 ). The numbers of F4/80-positive cells in the CL kidneys from HO-1 Ϫ/Ϫ and HO-1 ϩ/ϩ mice were not significantly different (118.6 Ϯ 10.6 versus 92.4 Ϯ 11.3, respectively; NS). In the obstructed kidneys from both HO-1 ϩ/ϩ and HO-1 Ϫ/Ϫ mice, the numbers of macrophages were markedly increased, mainly in the periglomerular and peritubular areas. The numbers of F4/ 80-positive cells in the obstructed HO-1 Ϫ/Ϫ kidneys were significantly higher as compared with obstructed kidneys from TGF-␤1 in the kidney lysates was quantified by ELISA ( Table 1 ) and showed that TGF-␤1 was higher in the obstructed kidneys of the HO-1 knockout mice compared with all other groups (P Ͻ 0.01). As measured by immunohistochemistry, the expression of TGF-␤1 in renal tubules in the sham-operated kidneys and in the CL kidneys was negligible ( Figure 4A) ; however, the obstructed kidneys from both HO-1 ϩ/ϩ and HO-1 Ϫ/Ϫ mice had increased expression of TGF-␤1 ( Figure 4A ). Immunostaining for TGF-␤1, lotus lectin (proximal tubule marker), and peanut agglutinin (distal tubule marker) on serial sections of obstructed kidneys of HO-1 knockout mice demonstrated that TGF-␤1 staining occurs predominantly in both proximal and distal tubules (Supplemental Figure 3) . Occasional interstitial infiltrating cells were also positive. The TGF-␤1 expression in the renal tubules was significantly higher in the obstructed kidneys from HO-1 Ϫ/Ϫ mice as compared with those from HO-1 ϩ/ϩ mice (2.64-fold; P Ͻ 0.001; Figure 4C ). Similarly, the CL kidney from HO-1 Ϫ/Ϫ mice showed significantly higher TGF-␤1 expression in renal tubules as compared with CL kidney from HO-1 ϩ/ϩ mice (P Ͻ 0.05; Figure  4C ). Importantly, the increased tubular expression of TGF-␤1 correlated with the increased fibrosis among the groups and HO-1 Ϫ/Ϫ mice showed very scarce S100A4 expression ( Figure 6A ). Although the S100A4 expression was increased in a few of the CL kidneys from HO-1 Ϫ/Ϫ mice, there was no significant difference between the two HO-1 genotypes. The obstructed kidneys demonstrated a marked increase in proximal tubular S100A4 expression, and this increase was significantly higher in the HO-1 Ϫ/Ϫ group (5.43-fold; P Ͻ 0.05; Figure 6 , A and C). The increased proximal tubular S100A4 expression correlated with both the degree of the fibrosis among the groups (r ϭ 0.7761 [95% confidence interval 0.6070 to 0.8780], r 2 ϭ 0.6024; r is significantly different from zero with the two-tailed P Ͻ 0.0001; Figure 6D ) and TGF-␤1 ex- Repeated measures ANOVA indicated that there were significant effects for both kidney type (UUO versus CL) and knockout status for all three dependent variables (fibrosis, TGF-␤, and S100A4). The obstructed kidney was always more impaired than the CL kidney (averaged across knockout status), and the HO-1 Ϫ/Ϫ was always worse than the HO-1 ϩ/ϩ (averaged across kidney type: UUO or CL; all P Յ 0.05). The interaction between HO-1 Ϫ/Ϫ and kidney type was significant at P Ͻ 0.05 for TGF-␤ but only marginally significant (P Ͻ 0.06) for fibrosis and S100A4. The interaction suggests that the impact of kidney obstruction varies across HO-1 Ϫ/Ϫ versus HO-1 ϩ/ϩ mice. Difference scores for each variable (UUO and CL) were computed, and a t test on the difference was performed. The obstruction produced greater impairment in the HO-1 Ϫ/Ϫ than the HO-1 ϩ/ϩ kidney, and the P values were the same as for the interaction in the repeated measures ANOVA (P Ͻ 0.05 for TGF-␤1 and Ͻ0.06 for fibrosis and S100A4).
TGF-␤1-Mediated EMT Is Increased in Primary Mouse HO-1-Deficient Proximal Tubular Epithelial Cells
For determination of whether TGF-␤1 mediates EMT in proximal tubules, primary proximal tubular epithelial cells from HO-1 ϩ/ϩ and HO-1 Ϫ/Ϫ mice were generated. The primary cells stained positive for the proximal tubular epithelial cell markers ␥-glutamyltranspeptidase and alkaline phosphatase ( Figure 7A ). 27 Cells from both genotypes seemed morphologically similar and when confluent formed multicellular domes ( Figure 7B ). 27 TGF-␤1 induced HO-1 in the HO-1 ϩ/ϩ cells but not the HO-1 Ϫ/Ϫ cells ( Figure 7C ). Both HO-1 ϩ/ϩ and HO-1 Ϫ/Ϫ cells responded to exogenous TGF-␤1 by increased EMT (Figure 8 ). In response to TGF-␤1, E-cadherin and claudin-2 decreased in both genotypes ( Figure 8 , A and B), which paralleled the disorganization of the domes seen on phase contrast ( Figure 7B ). ␣-SMA increased in both genotypes in response to TGF-␤1 but was more pronounced in the knockout cell cultures ( Figure 8C ). We observed that primary cells derived from HO-1 Ϫ/Ϫ mice have more EMT (decreased E-cadherin and claudin-2 and increased ␣-SMA) compared with cells derived from wild-type mice (Figure 8 ).
DISCUSSION
In this study, we observed that renal fibrosis, inflammation, and EMT are exaggerated in HO-1-deficient mice in a UUO model of fibrosis. Tubular TGF-␤1 expression and macrophage numbers were higher in the obstructed kidneys of the HO-1 Ϫ/Ϫ mice compared with the wild-type mice. Concomitantly, EMT was higher in the HO-1-deficient mice. Notably, the expression of tubular S100A4 (FSP-1) was significantly higher (5.43-fold) in the obstructed kidneys from HO-1 Ϫ/Ϫ mice compared with the HO-1 ϩ/ϩ group. In vitro studies demonstrated that TGF-␤1 increased EMT in primary proximal tubular epithelial cell cultures from both genotypes, with HO-1-deficient cells exhibiting increased EMT (using claudin-2, E-cadherin, and ␣-SMA as markers) compared with wild-type cells. This is the first demonstration that the expression of HO-1 modulates EMT.
The accumulation of extracellular matrix (ECM) is a final common pathway of most forms of kidney disease, including obstruction. A significant proportion of matrix is derived through the process of EMT. The progression of EMT to tubulointerstitial fibrosis has been succinctly described in a recent review by Burns et al. 28 Cells undergoing EMT exhibit loss of polarity, decreased cell-cell contacts, and adhesion, leading to increased cell migration and increased ECM production. 28 A major phenotypic change toward EMT begins when cells express a combination of epithelial and mesenchymal markers, including FSP-1 and ␣-SMA, associated with reorganization of the cytoskeletal proteins, disruption of the tubular basement membrane, and upregulation of matrix metalloproteinase-2 and metalloproteinase-9. 28 It was recently shown that fibroblasts, myofibroblasts, and macrophages (by measuring FSP-1, ␣-SMA, and F4/80, respectively) are increased in mouse kidneys 7 d after UUO, indicating the activation of EMT. 29, 30 Numerous factors are upregulated after ureteral obstruction, including macrophages, monocyte chemotactic protein-1 (MCP-1), and TGF-␤ (reviewed in references 1,2,31,32 ). Macrophages are regarded as a key source of cytokines associated with fibrosis. 1, 33, 34 TGF-␤, expressed by both tubular epithelial cells and macrophages as a consequence of macrophage-tubular cell interactions, is regarded as an important growth factor in the development of interstitial fibrosis. 35 TGF-␤ increases the expression of metalloproteinase inhibitors with concomitant downregulation of metalloproteinases and enhances the formation of ECM proteins, such as collagen and Fn. 1, 36, 37 Through this pathway, proximal tubular epithelial cells collaborate with macrophages, leading to interstitial fibrosis in the injured kidney.
Macrophage infiltration is preceded by local expression of chemokines, such as the proinflammatory cytokine MCP-1, chemokine receptors, and adhesion molecules. 2 Whereas HO-1 downregulates the inflammatory response in both renal and nonrenal tissues, 18, 38 repeated exposure of HO-1 Ϫ/Ϫ mice to heme proteins leads to intense interstitial cellular inflammation with significant increase in the expression of MCP-1. 39 Proximal tubular cells overexpressing HO-1 had lower MCP-1 mRNA and protein expression in response to albumin, compared with similarly treated control cells. 40 In addition, it was demonstrated that whereas basal MCP-1 expression in some tissues, such as heart and bone marrow, was comparable in both HO-1 ϩ/ϩ and HO-1 Ϫ/Ϫ mice, renal and plasma MCP-1 were elevated in unstressed and stressed HO-1 Ϫ/Ϫ mice. 41 In this study, the number of macrophages in the kidneys from the sham-operated group and the CL (right) kidneys did not differ between the two HO-1 genotypes but was significantly higher in the obstructed kidneys of HO-1 Ϫ/Ϫ mice. Interestingly, the amount BASIC RESEARCH www.jasn.org of fibrosis seemed to affect the CL kidneys from HO-1 Ϫ/Ϫ mice more than in the respective kidneys from HO-1 ϩ/ϩ mice, with a trend toward statistical significance (P ϭ 0.07), suggesting a systemic effect of the inflammatory process, perhaps caused by differences in resident and circulating cytokines.
Several factors are involved in EMT and fibrosis after UUO. However, TGF-␤ has been shown to be a key mediator in EMT through its affects on markers, such as decreased expression of E-cadherin and claudins, as well as increased ␣-SMA and S100A4. 7,10,42 S100A4 is a member of the S100 family of Ca 2ϩ -binding proteins and the human homologue of mouse FSP-1. 43, 44 TGF-␤ is regarded as one of the major contributors to the transition of renal tubular epithelial cells to ECM-producing myofibroblasts. 5, 8, 45 For example, treatment with bone morphogenic protein-1, which counteracts the downstream mediators of TGF-␤ signaling (Smad proteins), restores the initial phenotypic changes induced by TGF-␤. 46 Smad3-deficient mice are protected against UUO-mediated tubulointerstitial fibrosis because of the inability of TGF-␤ to recruit monocytes (including F4/80-positive interstitial macrophages), induce EMT, and accumulate collagen. 47 It has been suggested that TGF-␤-induced EMT is mediated, at least in part, through reactive oxygen species. 48, 49 Thus, HO-1 activity, through its antioxidant properties, may impair oxidant formation and, hence, reduce EMT. HO-1 protein is upregulated in the obstructed kidney as early as 6 h after UUO and persists up to at least 7 d. 20, 21 In this study, HO-1 was expressed in the renal tubules in the sham and CL kidneys of HO-1 ϩ/ϩ mice and was markedly increased in the obstructed kidneys. HO-1 induction has been previously shown to have antifibrotic effects. We and others have demonstrated that collagen I and Fn production inversely correlates with HO-1 expression. 50, 51 Products of HO-1 reaction, CO, and/or bilirubin (converted from biliverdin by biliverdin reductase) have been shown to possess antifibrogenic properties. [51] [52] [53] [54] [55] [56] [57] For example, CO and bilirubin were protective in a model of bleomycininduced pulmonary fibrosis. 56, 57 In the case of bilirubin, reduced fibrosis was attributed, in part, to inhibition of both inflammation and TGF-␤ production. 56, 57 Interestingly, it was also demonstrated that HO-1 overexpression, using retroviral gene transfer, markedly inhibited TGF-␤ mRNA and protein expression in a rat lung microvessel endothelial cell line. 58 In these studies, the obstructed kidneys of HO-1-deficient mice have higher levels of TGF-␤1 expression, F4/80-positive cells, fibrosis, and EMT compared with that of the wild-type mice. For further clarification of the effects of HO-1 deficiency on TGF-␤1-mediated EMT in proximal tubules, in vitro studies were performed to eliminate the confounding effects of infiltrating cells. These in vitro studies, using primary cells derived from HO-1 ϩ/ϩ and HO-1 Ϫ/Ϫ mice, indicated that HO-1-deficient proximal tubular epithelial cells have increased TGF-␤1-mediated EMT than wild-type cells.
Taken together, our results suggest that HO-1 has a critical role in the modulation of renal fibrosis, macrophage infiltration, and, more important, the suppression of EMT. Modulation of EMT, a major contributor to tubulointerstitial fibrosis, through the HO-1 pathway may provide a means for novel therapeutic interventions aimed at progressive renal diseases.
CONCISE METHODS
Animals, Surgery, and Tissue Preparation
The study protocol was approved by the Institutional Animal Care and Use Committee at the University of Alabama at Birmingham and in accordance with the NIH Guide for the Care and Use of Laboratory Animals. Ten HO-1 Ϫ/Ϫ mice (6 to 8 wk of age, C57BL/6xFVB) were used for UUO (n ϭ 7) or sham (n ϭ 3) operation. Twelve agematched HO-1 ϩ/ϩ littermates were used for comparison. At the age of 6 to 8 wk, HO-1 Ϫ/Ϫ and HO-1 ϩ/ϩ mice have similar phenotypes, 59 and renal Fn levels, as measured by Western blot analysis, are the same (unpublished observations). UUO surgery was performed as described by Pat et al. 21 Mice were anesthetized with inhalation of isoflurane (2.5%). In the UUO group, the left ureter was exposed through a mid-abdominal incision and ligated twice, approximately 1 cm below the renal hilum, using a 4-0 silk suture. Sham operation was done in a similar manner, without ureteral ligation. After 7 d, all mice were killed. The time point was chosen on the basis of previous studies demonstrating that at 7 d, cellular recruitment and growth factor-dependent matrix accumulation have begun and HO-1 is induced. 20, 21, 60 At the time of killing, both kidneys were removed and cut transversely, and sections were fixed (10% buffered formaldehyde solution) for histopathologic studies or snap-frozen in liquid nitrogen for Western analysis. 
Histologic Examination
The formalin-fixed kidney slices were embedded in paraffin, sectioned (4 m), and then stained with hematoxylin and eosin and Masson's trichrome. Hydronephrosis was assessed semiquantitatively by two independent investigators in a blinded manner using photographs of Masson's trichrome-stained kidney sections, at low magnification (ϫ10). A scoring system was used as described by Vora et al. 26 : 0, normal (finger-in-glove configuration of the papilla and calyx); 1, minimal (a narrow definable fluid-filled calyceal space with normal papillary shape); 2, moderate (obvious calyx dilation with compression of the papilla but with preservation of its conical shape); and 3, marked (unmistakable distension of the calyx, increased overall kidney volume resulting in severe compression of the lateral cortex and distortion of the papilla). Scores were averaged. For analysis of fibrosis, a ϫ100 light microscopic field covering most of the wedge-shaped area including cortex and partial medulla along the papillary axis was assessed ( Figure 2A ). The area of fibrosis, stained blue by Masson's trichrome staining, was measured by color image analysis software (Image-Pro Plus, Media Cybernetics, Bethesda, MD).
Immunohistochemical Studies
For macrophage recruitment, a rat mAb to mouse F4/80 (catalog no. MF48000; Caltag Laboratories, San Francisco, CA) and for ␣-SMA, a mouse mAb (catalog no. A5228; Sigma, St. Louis, MO) was used. For HO-1, anti-HO-1 antibody (SPA-895 or SPA-896; Stressgen, Vancouver, BC, Canada) was used. Mouse kidneys were embedded in paraffin, and 4-m sections were cut and the paraffin was removed with xylene and ethanol and then rinsed in distilled water. Endogenous peroxidase activity was blocked by incubation of the sections in 3% H 2 O 2 for 10 min. Immunohistochemical studies were semiquantitatively or quantitatively assessed by two independent investigators in a blinded manner. For F4/80, the sections were rinsed in distilled water, and then antigen retrieval was performed by incubation of the sections in Trilogy (Cell Marque, Rocklin, CA) in 95°C water bath for 25 min. The sections were washed in TBS, blocked by Sniper (catalog no. BS966H; Biocare Medical, Concord, CA) for 15 min, then incubated with F4/80 diluted 1:200 in antibody diluents (catalog no. 00-3218; Zymed Laboratories, San Francisco, CA) for 1 h at room temperature. The sections were washed in TBS and then were incubated for 30 min with nonbiotinylated rabbit anti-rat secondary antibody diluted 1:200 in TBS. The sections were washed again in TBS, then were treated with Mach2 goat anti-rabbit horseradish peroxidase (HRP) polymer (catalog no. RALP525L; Biocare Medical) and again washed in TBS, and then exposed to diaminobenzidine (catalog no. DB801L; Biocare Medical). The sections were washed in distilled water, dehydrated with xylene and ethanol, mounted with cytoseal (catalog no. 8312-4; Richard-Allan Scientific, Kalamazoo, MI) and observed by light microscopy. F4/80-positive cells were BASIC RESEARCH www.jasn.org counted in five high-powered fields (HPF; ϫ400) in the cortex of the same wedge-shaped area along the papillary axis as for fibrosis assessment.
For ␣-SMA, the sections were blocked with 5% goat serum in 0.1% Tween 20/PBS for 1 h followed by incubation with ␣-SMA antibody (1:500 dilution) in 0.1% Tween 20/PBS overnight at 4°C and washed with 0.1% Tween 20/PBS. The sections were then incubated with goat anti-mouse HRP-conjugated antibody (1:2500 dilution) in 0.1% Tween 20/PBS and washed with 0.1% Tween 20/PBS. For staining, DAB Chromagen Mix (Vector Laboratories, Burlingame, CA) was used. The sections were counterstained with hematoxylin, and sections were dehydrated as already described and observed by light microscopy.
For TGF-␤1, S100A4, lotus lectin, peanut agglutinin, and HO-1 analyses, the following protocol was used. Briefly, formalin-fixed, paraffin-embedded tissue sections were treated by immersion in Declere (Cell Marque, Rocklin, CA) for 20 min. The endogenous peroxidase activity was blocked with 3% H 2 O 2 , and then sections were exposed to normal serum to prevent nonspecific antibody binding.
The sections were incubated with primary antibodies overnight at 4°C. The sections were then exposed to peroxidase-conjugated ImmPRESS anti-rabbit IgG (Vector Laboratories) for 30 min, and VectorVIP substrate was added for signal detection. For double immunohistochemical staining, before the incubation with anti-S100A4 antibody, sections were incubated with biotinylated lotus lectin (Vector Laboratories) for 30 min at room temperature after blocking of endogenous biotin activity with streptavidin/biotin blocking kit (Vector Laboratories). Thereafter, sections were treated with VectorSG substrate for signal detection of lotus lectin.
Rabbit anti-TGF-␤1 antibody (MBL Int., Woburn, MA) was used for determination of TGF-␤1. Immunohistochemical staining of TGF-␤1, lotus lectin, and peanut agglutinin (Vector Laboratories) was also performed on serial sections from obstructed kidneys of HO-1 Ϫ/Ϫ mice. VectorSG substrate was used for signal detection of lotus lectin, and DAB (Vector Laboratories) was used for detection of peanut agglutinin. For measurement of the TGF-␤1 expression in the renal tubule, five cortical HPF (ϫ400) were analyzed. In each HPF, the total area of 20 tubular cross-sections including proximal and distal tubules was first calculated using the Image-Pro Plus software. Next, the area of TGF-␤1-positive staining was determined within the total tubular area. TGF-␤1 staining was expressed as a mean ratio of TGF-␤1-positive area to total tubular area from five HPF.
For determination of EMT, double immunohistochemical staining was performed using rabbit anti-human S100A4 (Dako, Carpinteria, CA) as a mesenchymal cell marker and biotinylated lotus lectin (Vector Laboratories) as a proximal tubule marker. Nine HPF within each cortex were analyzed. In each HPF area, 10 proximal tubules were selected and analyzed for S100A4 as described for TGF-␤1.
ELISA for TGF-␤1 Levels
Kidney tissue levels of TGF-␤1 were determined using the commercial Ready-Set-Go! Human/mouse TGF-␤1 sandwich ELISA kit in accordance with the protocol specified by the manufacturer (eBioscience, San Diego, CA). The samples were acidified to measure total TGF-␤1 and are expressed as pg TGF-␤1/mg total protein (measured by the BCA assay).
Western Blot Analysis
Immunoblot analysis was performed as described previously. 51 Briefly, harvested kidney tissue slices or cell cultures were lysed in RIPA buffer and electrophoresed in a 10% SDS-polyacrylamide gel and transferred onto a Hybond C Extra membrane. Membranes were incubated with anti-Fn (Sigma), anti-HO-1, anti-␣-SMA, anti-claudin-2 (Zymed Laboratories), or anti-E-cadherin (BD Biosciences, San Jose, CA) antibodies, using manufacturer-recommended dilutions, followed by a peroxidase-conjugated goat anti-rabbit (or mouse) IgG antibody (Jackson ImmunoResearch Laboratories, West Grove, PA). HRP activity was detected using enhanced chemiluminescence. The membrane was stripped and probed with anti-␤-actin antibody (Sigma) to confirm loading and transfer.
Generation of Proximal Tubule Epithelial Cells from HO-1
؊/؊ and HO-1 ؉/؉ Mice
Primary proximal tubular epithelial cell cultures were generated from the kidneys of HO-1 Ϫ/Ϫ mice and their wild-type littermates using a previously described procedure with minor modifications. 27, 61 Kidney cortices from mice (Ͻ6 to 8 wk of age) were dissected from the medulla, sliced, minced, and filtered through a 70-m cell strainer over a 50-ml conical tube by washing with media (REBM bullet kit;
Cambrex BioScience) and using the rubber end of a syringe plunger to manipulate the tissue. The samples were centrifuged (800 rpm for 5 min) to pellet the tubules, washed with 5 to 10 ml of medium, centrifuged, and washed twice more. The final pellet was resuspended in media, and the tubules were placed in a collagen-coated dish and incubated overnight at 37°C, in a humidified incubator with 95% air and 5% CO 2 . The cellular debris plated on the dish and the medium containing the tubules were collected and centrifuged at 800 rpm for 5 min. The tubules were resuspended, plated in new collagen-coated culture plates, and incubated without disturbing for 72 h at 37°C in 5% CO 2 . The medium was then changed every 2 to 3 d until confluent. Primary cultures were grown in renal epithelial growth medium (REBM bullet kit) containing 130 mg/dl D-glucose, 0.5% FCS, human EGF, insulin, hydrocortisone, amphotericin B, epinephrine, triiodothyronine, transferrin (REGM Bullet Kit), and 1% antibiotic-antimycotic solution (Invitrogen, Carlsbad, CA). Cell lines were checked for expression of ␥-glutamyltranspeptidase and alkaline phosphatase, markers for proximal tubule cells, 27 using protocols provided by Cambrex.
TGF-␤1 Treatment of Primary Proximal Tubular Epithelial Cell Cultures
Confluent cells (with dome formation) were treated with 5 ng/ml recombinant human TGF-␤1 (R&D Systems, Minneapolis, MN) for 0 (vehicle for TGF-␤1), 24, 48, and 72 h. Cell lysates all were collected at the same time. Immunoblot analysis was performed as described above. Within a given experiment, HO-1 ϩ/ϩ and HO-1 Ϫ/Ϫ treated cell lysates were run on the same gel so that the transfer and exposure of the samples would be the same.
Statistical Analysis
Data are presented as means Ϯ SEM. Two-tailed t test and repeated measure ANOVA were used for analyses, with statistical significance considered at P Ͻ 0.05.
